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Introduction
During the past 40 years, the fields of electronics, energy, and communication devices have experienced an unbelievable evolution. To continue this progress, the development of multifunctional materials presenting a broad range of properties, such as high electric and thermal conductivities, high transparency, and good mechanical properties, is needed. Graphene, a hexagonal arrangement of carbon atoms forming a one-atom thick planar sheet could match these demands. Several methods can be used for graphene synthesis. Historically graphene was produced by micromechanical cleavage. [1] Graphene obtained in this case presents exceptional properties, in particular an electron mobility of 120 000 cm 2 V À1 s À1 . [2] This method is, however, incompatible with industrial applications as it is not scalable. Alternative synthesis methods were then developed to meet industrial requirements, in particular thermal decomposition of SiC, [3, 4] reduction of graphene oxide, [5] and transition metal-catalyzed CVD. [6] [7] [8] [9] [10] CVD, because of the high quality and the large surfaces of graphene it produces and its low processing costs, seems to be the process most compatible with industrial requirements. Indeed, 30 inch graphene films with an electronic conductivity of 7350 cm 2 V À1 s À1 , an electrical resistance of 30 V per sq, and a transparency of 90% have already been obtained by CVD. [11] These values are, however, still far from the theoretical ones announced by physicists, because graphene grows as randomly oriented domains in which scattering at the boundaries leads to less interesting physical properties. The CVD formation of graphene on Cu substrates has long been considered to be surface-mediated and self-limiting due to the very low carbon solubility in Cu, thus leading to single layer formation, [12, 13] although numerous studies have shown that this is true in only a small window of deposition conditions, especially regarding methane partial pressure. [14, 15] As a consequence, the control of graphene thickness and crystalline quality on large surface areas still remains elusive and needs a better understanding of the mechanisms of graphene nucleation and growth.
In this framework, the present study, by combining experimental and modeling analyses, provides new insights into the role of the gas phase in graphene formation. First, we investigated experimentally graphene synthesis at 1000°C on copper foils under various methane partial pressures. Second, with the knowledge gained from the experimental study, we looked for a deeper understanding by modeling methane pyrolysis into the CVD reactor using the computational fluid dynamics (CFD) Fluent Ansys code.
Results and Discussion
First, two total pressures, 0.5 and 700 Torr, were studied under identical operating conditions. The methane flow rate was fixed at 4 sccm, corresponding to methane partial pressures equal to 4.7 mTorr and 6.6 Torr, respectively. As shown in Figures 1a and 1b , graphene nuclei of spheroid form and of micrometer size are present under 0.5 Torr, whereas the graphene layer is continuous under 700 Torr.
According to Raman analyses ( Fig. 1c ), under 0.5 Torr the intensity of the disorder-induced D peak ($1345 cm À1 ) is very low, suggesting that graphene is highly crystalline. [12, 14] The 2D ($2689 cm À1 )/G ($1591 cm À1 ) peaks ratio is close to 1.44, meaning that graphene is formed of one or two layers. [12, 14] Under 700 Torr (Fig. 1d ), graphene clearly presents more crystalline defects (I D /I G ratio equal to 0.14). Moreover, the I 2D /I G ratio is lower, meaning that more graphene layers are present. Growth of multi-layers of graphene on Cu has frequently been observed under atmospheric pressure (AP)CVD conditions. [16, 17] These results confirm that the self-limiting formation of graphene on Cu by CVD does not apply under all conditions. [15] [16] [17] [18] [19] Thus the total pressure, and more precisely the methane partial pressure, play a major role in the crystalline state, morphology, and thickness of graphene.
In order to analyze more precisely the influence of CH 4 partial pressure on the first steps of nucleation and growth of graphene, lower methane partial pressures (9, 19 , and 38 mTorr) were studied under a total pressure of 0.5 Torr, by only varying the methane flow rate. Figure 2 shows a clear variation in the shape, size, and density of the graphene flakes. Indeed, a decrease in the carbon supply leads to a decrease of the nuclei density, as found by other authors. [20, 21] Concomitantly, the average surface area of the nuclei increases, so the higher the graphene nucleation density, the smaller the graphene flakes. Our interpretation is that under high methane partial pressure, the amount of available reactive species leading to carbon adatoms is high enough to allow many nuclei to reach a thermodynamically stable size. Consequently, the nuclei density is high, but their size remains small since the carbon supply is limited. An increase in deposition time would lead to a continuous film of graphene on the copper surface, but this film would have many grain boundaries and thus poor physical properties. [22] For lower methane partial pressures, the amount of available carbon adatoms is smaller and fewer nuclei reach the stable size. The few stable nuclei collect more adatoms and become larger, probably because growth is more energetically favorable than nucleation.
Another interesting observation concerns the change in nuclei shape with the precursor partial pressure (Fig. 2) . For 38 and 19 mTorr, a variety of shapes is observed, whereas under 9 mTorr, nuclei are multi-lobed with specific orientations. Several studies have obtained similar multilobed shapes for methane partial pressures close to or lower than ours. [19, [22] [23] [24] [25] For most of them, the multi-lobed nuclei are considered as a single nucleus. This variation in nuclei morphology could be the result of nuclei surface diffusion (Smoluchowski ripening process) thanks to weak carboncopper bonds, [25] or of a competition between surface diffusion and preferential growth related to the lattice match between graphene and copper, as proposed by Wofford et al. [26] Other authors believe that the morphology of graphene nuclei can be tuned by varying the synthesis parameters, and is not influenced by the copper substrate. [19] The Raman spectra presented in Figure 3 show an increase of graphene quality for lower precursor concentration, as deduced from the I D /I G ratios. The I 2D /I G ratio indicates that 3-4 layers are obtained for the highest methane partial pressure, whereas only 1 or 2 layers are formed for the two other precursor concentrations. This is in agreement with the results of Luo et al. [27] Because of mass flow meter limitations, the methane partial pressures we used in these experiments were probably not low enough to allow the synthesis of strictly monolayer graphene flakes. Indeed, some authors succeeded in obtaining monolayer graphene flakes using methane concentrations of some ppm. [14, 22] During these experiments, thanks to the particular shape of the substrate holder (see Fig. 4a ), a gradient in size, shape, and density of the nuclei was observed on the copper foil part located in the substrate holder slot, as presented in Figure 4b . The average density of nuclei is much lower and their average size is higher at the substrate bottom. When going to the top of the substrate, the nuclei become smaller and more numerous. On the part of the copper foil located outside the substrate holder slot, there is no more gradient in nuclei size and density.
To better understand this phenomenon, a grid of copper and another one of molybdenum were used to fully confine the copper substrate. Several runs were performed under 9 mTorr of methane using two Cu foils, one with confinement and the other one without grid. The results were similar with the Cu and the Mo grids, meaning that the effect of the grid was not catalytic. With enclosure, the graphene surface coverage of the Cu substrate is smaller and the nuclei are much more uniform in density and size over the entire substrate surface, as shown in Figures 5a and 5b . Moreover, the I D /I G ratios deduced from the Raman spectra given in Figure 5c are lower when a grid is used to enclose the copper foils, indicating a better graphene quality. The I 2D /I G ratios are also higher with confinement (ratio equal to 2.5 with confinement and to 1.4 without), indicating a lower number of layers.
Comparable results were obtained by Li et al. [28] who used a copper foil enclosure as the substrate (i.e., they bent a 25 mm thick Cu foil and they crimped the three remaining sides) at 1035°C and under 50 mTorr of methane. Graphene grew on both sides of the substrate, but inside the enclosure, a much lower density of nuclei was obtained. Zhang et al. [19] developed a vapor-trapping method which consisted of installing a half inch quartz tube inside their two inch CVD reactor. A Cu substrate was then placed outside and inside the small quartz tube at 1000°C and under 15 mTorr of methane. Inside the small tube, mono-or bi-layer six-lobe graphene flowers of 100 mm size were formed whereas outside, graphene was continuous. In both studies, the variations in graphene characteristics were attributed to a much lower methane partial pressure inside the enclosure. In our study, this explanation is not valid since the substrate was not fully confined, considering that at 1000°C and under 0.5 Torr, gas diffusivities are high. We believe that the enclosure traps (i.e., makes disappear) a part of the reactive gaseous species involved in graphene formation, which could be formed either by methane pyrolysis or by catalytic phenomena related to the copper substrate. These gaseous species could be unsaturated molecules, as it will be detailed below.
The scanning electron microscopy (SEM) analyses made on samples synthesized with and without enclosure ( Fig. 6 ), revealed another difference concerning the nuclei formation on both substrates. A dark circle is present in the middle of the nuclei on the encapsulated samples, whereas without confinement, the mono-or bi-layered nuclei are classically of uniform color on their entire surface. Raman analyses presented in Figure 7a were conducted at the center (called position 2 of Fig. 6b ) and at the outer zone (position 1 of Fig.  6b ) of a nucleus formed on an encapsulated sample. A much higher I 2D /I G ratio was observed at position 1, indicating a lower number of layers and therefore the existence of multilayered nuclei. The crystalline quality is identical (low I D /I G ratios).
These results were confirmed by performing Raman mapping of the I D /I G and I 2D /I G ratios on nuclei formed with and without enclosure, as detailed in the Supplementary Material. The uniformity of the I D /I G ratio clearly appears over the surface of the nuclei. Lower values are observed with enclosure. These mappings also confirm that, with enclosure, the nuclei have two distinct areas, a bi-layered one at the center of the nuclei and a monolayered one for the outer zone. Without enclosure, the nuclei are strictly bi-layered everywhere.
Similar results have already been obtained by Nie et al. [29] who pointed out that the underneath layer is the smallest one. For Vlassiouk et al., [22] since these additional top layers appear in the middle of graphene nuclei, their formation likely occurs only at the beginning, when the amount of supplied active surface-bound carbon exceeds what can be consumed by the small perimeter of graphene nuclei. Upon reaching a large enough size, the amount of produced active carbon decreases due to a smaller area of open catalytic Cu, and it is mostly consumed by the first layer graphene which is the largest one. Indeed Kalbac et al., [30] by using carbon isotopes, demonstrated that these multilayered nuclei are formed at an early stage. According to Han et al. [31] graphene bi-layered regions on copper can be attributed to the carbon segregation which occurs preferentially at defect sites upon cooling down. For Robertson and Warner, [32] graphene multi-layered flakes form at high levels of precursor supersaturation due to excess methane supply. For our experiments, our interpretation is that with and without enclosure, at the beginning of graphene formation since the catalytic Cu surface area is maximal, the carbon supply is certainly too high for the formation of only one graphene monolayer, as explained by Vlassiouk et al. [22] and Robertson and Warner. [32] Therefore, the nuclei present several layers. Without enclosure, even when the catalytic surface area decreases due to graphene formation, the amount of supplied carbon atoms is probably high enough to allow the growth of all the layers of the initial nuclei. Conversely with enclosure, a part of the active carbon atoms being consumed by the grid, their amount could not be sufficient to allow the growth of all the layers. Thus the enclosure allows the formation of better quality graphene with fewer layers because a part of the reactive gaseous species involved in graphene formation is consumed by the grid. This phenomenon is typical of CVD processes in which unsaturated species are involved, since they have a very high reactivity (sticking coefficient on solids equal to 1). [33] According to several studies, [18, 22, 25, 34] unsaturated species are responsible for graphene formation. Vlassiouk et al. [22] proposed a mechanism assuming that the CH 3 methyl unsaturated species is the main molecule leading to graphene formation. The DFT calculations conducted by Li et al. [34] indicate that several unsaturated species, such as CH 3 , C 2 H 3 , or C 2 H 5 can be involved in graphene synthesis, depending on the position of the substrate in the reactor.
To get a better understanding of the unsaturated species potentially involved in graphene formation, the CVD reactor has been simulated using the commercial CFD software Fluent Ansys. The tubular reactor was assumed to be axisymmetric (the substrate holder and the copper foil were not considered). A specific function was used to implement the axial thermal profile obtained from experimental measurements along the reactor (the target temperature was obtained only after 37 cm from the reactor entrance and then on 42 cm along). Gases were considered as ideal. Steady state conditions were assumed. The aim was to analyze the gaseous species produced by methane pyrolysis during the CVD process, without considering any surface reaction or catalytic effect. The following chemical mechanism was implemented with the associated kinetic laws, taken from the very complete work of Holmen et al. [35] Nineteen chemical reactions and ten gaseous species are considered. Among the ten molecules, five species are unsaturated. The evolutions of the molar fractions of methane and of the unsaturated species along the reactor central axis are presented in Figure 8 . The temperature of the isothermal zone was 1000°C, the flow rates were fixed at 8, 20, and 400 sccm for methane, hydrogen, and argon, respectively. Two total pressures, 0.5 and 700 Torr, were investigated.
First, the main result provided by this model is that, at 1000°C and for the two total pressures considered, CH 4 is decomposed in the gas phase to form saturated and unsaturated molecules, so even without a catalyst, unsaturated species are formed from methane pyrolysis, and could be involved in graphene formation. As a consequence, two types of unsaturated species could co-exist during graphene synthesis, the first one formed in the reactor volume as soon as the temperature of the gas is high enough to allow methane pyrolysis to occur, and the second one only formed at the vicinity of the copper surface, due to its catalytic activity. Thus, due to their very high reactivity, the first Fig. 7 . Raman spectra at the center and at the outer zone of a graphene flake of an enclosed sample. type of unsaturated species (i.e., that produced by methane pyrolysis) could chemisorb onto the surface of either the substrate holder slot or of a cage, as previously discussed. This could reduce the amount of active carbon for graphene formation, leading to lower graphene surface coverage, fewer defects, and fewer layers. If we compare the calculated results obtained under the two total pressures, an important difference regarding the methane conversion rate can be observed. Under low pressure, only 0.01% of methane is decomposed, whereas under 700 Torr, 15% of methane is converted. Under 0.5 Torr, only the two first chemical reactions are active (the concentration of the C 2 species is very low, and the corresponding reaction rates are close to zero), which explains that the molar fractions of CH 3 are strictly increasing along the reactor. In both conditions, the CH 3 methyl unsaturated species has molar fractions of a similar order of magnitude, but under 700 Torr, its partial pressure is 1,400 times higher. If we suppose that this molecule is the main precursor of graphene formation, as has already be mentioned in the literature, [18] this could explain that continuous multilayered graphene is much more easily formed under high methane pressure than under reduced pressure, where monolayered graphene flakes are often obtained.
It is worth noting that under 0.5 Torr, the H molar fraction is also strictly increasing along the reactor and the partial pressure ratio P H /P CH3 is much higher than under 700 Torr, because reactions (R3) to (R19) are inactive under 0.5 Torr. The well-known etching role of H [22] could then be more pronounced under 0.5 Torr, explaining the higher crystallinity of graphene under low pressure.
Under 0.5 Torr, CH 3 is the most concentrated unsaturated species, whereas under 700 Torr, C 2 H molar fractions are roughly 500 times higher than those of CH 3 . If C 2 H is active in graphene formation, it would lead to the simultaneous deposition of two carbon atoms. This could explain the differences observed in the number of graphene layers, and in the amount of defects under high and low methane partial pressures. This is also consistent with the results of Luo et al. [27] indicating that the main species involved in graphene formation can change depending on the precursor partial pressure.
Conclusions
The role of the gas phase in graphene formation by catalytic CVD from methane on copper foil was studied experimentally. A decrease of total pressure or of methane partial pressure clearly permits a reduction in graphene nucleation on behalf of growth, and then the formation of larger graphene flakes with fewer layers and crystalline defects. The self-limiting formation of monolayered graphene on copper was not observed for the tested synthesis conditions. Gradients in size, density, and shape of graphene flakes were present in the part of the substrates located in the substrate holder slot, revealing a possible role of gaseous unsaturated species in graphene synthesis. This assumption was confirmed by additional experiments using copper substrates confined by a grid since, under these conditions, graphene is uniform on the whole substrate surface and presents a lower surface coverage and fewer defects.
To get a better understanding of the phenomena occurring in the gas phase, a chemical mechanism of methane pyrolysis was implemented in the CFD code Fluent to simulate the CVD reactor. The model shows that, at 1000°C, CH 4 is decomposed in the gas phase to form saturated and unsaturated species, meaning that two types of unsaturated species could co-exist during graphene synthesis, the first one produced in the reactor volume from methane pyrolysis, and the second one only formed at the vicinity of the copper surface, due to its catalytic activity. The existence of the first type of unsaturated species could explain the fact that graphene formation is not self-limiting under high methane partial pressure.
Experimental
The CVD reactor consists of a horizontal quartz tube of 1400 mm length and 50 mm inner diameter. A three zones furnace of 760 mm length surrounds the reactor. The 25 mm thick copper foils (99.999% Alfa Aesar, 1 cm Â 2 cm) were placed in the central isothermal zone of the reactor, using a substrate holder which maintains them vertically during the process, as detailed below. They were heated to 1000°C in a 20 sccm H 2 and 400 sccm Ar flow and annealed for 20 min. Then 4 to 35 sccm of methane was introduced into the reactor over 5 to 10 min with the same Ar and H 2 flow rates. The samples were then cooled to room temperature with an average rate of 16°C min À1 under the same Ar/H 2 flow rates without methane. Raman spectroscopy (confocal Raman microscope Labram -Horiba Yvon Jobin with a laser excitation wavelength of 532 nm) and optical micrography were used to evaluate the thickness, crystalline quality, and uniformity of the graphene at room temperature. Each spectrum was obtained by five acquisitions of 30 s accumulation time. For each sample, at least nine Raman measurements were performed. Only the most representative Raman spectra are presented in the article. For most samples, coalescence of graphene flakes was not achieved, and Raman analyses were performed at the center of graphene flakes. For some samples, Raman mappings were performed. Spectra were collected every 0.8 mm in width and length. The autofocus was realized for every point to maximize the Raman response. Each spectrum was obtained by three acquisitions of 60 s accumulation time. All Raman analyses were conducted on graphene deposited on the copper foil, i.e., without transfer. The morphology of graphene films was analyzed using SEM (Jeol JSM 6700F and SEM Hitachi 5500).
